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ABSTRACT 

A s e r i e s  of f i r i ngs  was  e x e c u t e d  in the 100-ft  Range  K of the  VKF 
for  the  p u r p o s e  of d e t e r m i n i n g  the c a u s e s  of r a d a r  r e f l e c t i o n s  f r o m  
the  wakes  of h y p e r v e l o c i t y  s p h e r e s .  A 3 5 - k m c ,  focused ,  ob l ique  r a d a r  
was e m p l o y e d  as the p r i m a r y  i n s t r u m e n t a t i o n .  In addi t ion ,  r e c e i v i n g  
and p a r a s i t e  a n t e n n a s  w e r e  used  to m e a s u r e  t r a n s m i s s i o n  and s p e c u l a r  
r e f l e c t i o n .  The  r e s u l t s  of t h e s e  e x p e r i m e n t s  i n d i c a t e  that ,  when  us ing  
the  3 5 - k m c  m i c r o w a v e  e q u i p m e n t  d e s c r i b e d  h e r e ,  a d e t e c t a b l e  r a d a r  
r e f l e c t i o n  in m o s t  c a s e s  was  ob ta ined  f r o m  the  wake  of a h y p e r v e l o c i t y  
s p h e r e  (10, 000 to 27, 000 f t / s e c  in t h e s e  e x p e r i m e n t s )  only if the  s p h e r e  
ab l a t ed .  M e a s u r e m e n t s  of t u r b u l e n t  wake v e l o c i t y  w e r e  shown to a g r e e  
with  the p r e d i c t e d  v a l u e s .  The  r e g i o n  of t r a n s i t i o n  f r o m  l a m i n a r  to 
t u r b u l e n t  flow was a l so  de f ined .  

i i i  
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SECTION I 

INTRODUCTION 

The l aunch ings  of s p h e r e s  in the  100-ft h y p e r v e l o c i t y  Range  K 
• ? r 

( A r m a m e n t  T e s t  Cel l ,  H y p e r b a l l i s t i c  (K)) zn the  yon K a r m a n  Gas 
D y n a m i c s  F a c i l i t y  (VKF) have  been  p e r i o d i c a l l y  m o n i t o r e d  by a 35 -kmc ,  
obl ique ,  focused  r a d a r .  The  focused  an tennas  e m p l o y e d  in the  r a d a r  
w e r e  eva lua ted  du r ing  the in i t ia l  l aunch ings ,  and then  a s e r i e s  of f i r i ngs  
was begun for the  p u r p o s e  of s y s t e m a t i c a l l y  v a r y i n g  m o d e l  m a t e r i a l s ,  
s p e e d s ,  and r ange  p r e s s u r e s  whi le  o b s e r v i n g  r a d a r  r e t u r n s  f r o m  the  
wakes  of h y p e r v e l o c i t y  s p h e r e s .  This  a spec t  of the  sub jec t  is not  wide ly  
r e p o r t e d  in the l i t e r a t u r e ,  and the n e c e s s i t y  for  a c c u r a t e  i n t e r p r e t a t i o n  
of fu ture  r a d a r  da ta  d i c t a t ed  th is  p r o g r a m  of e x p e r i m e n t a l  i nves t i ga t i on .  
It was hoped that  a b e t t e r  u n d e r s t a n d i n g  of r e f l e c t i o n  p h e n o m e n a  would 
be ga ined  and would a l so  aid in the  a n a l y s i s  of data  r e s u l t i n g  f r o m  the  
app l i ca t ion  of o t h e r  wake  d i agnos t i c  t e c h n i q u e s ,  e . g . ,  r e s o n a n t  c a v i t i e s  
and t r a n s v e r s e  m i c r o w a v e  p robes .  

SECTION II 
APPARATUS 

A d e s c r i p t i o n  of Range  K can be found in Ref. 1. Range  K c o n s i s t s  
of the  fo l lowing c o m p o n e n t s :  

2.1 LAUNCHER 

The l a u n c h e r  is a t w o - s t a g e ,  l ight  gas gun c o n s i s t i n g  of a c o m b u s -  
t ion  c h a m b e r ,  pump tube,  high p r e s s u r e  sec t ion ,  and l aunch  tube.  
V a r i o u s  high p r e s s u r e  s e c t i o n s  a r e  e m p l o y e d ,  and l aunch  tubes  r a n g i n g  
in d i a m e t e r  f r o m  0. 375 to 1.0 in. have  been  used  with th is  l a u n c h e r .  
To p r o t e c t  the m o d e l  in the l aunch  tube,  it is moun ted  in a Lexan  ® sabot .  
The  two m a i n  types  of sabo t s  used  a r e  d i s c u s s e d  in Ref.  1. 

2.2 BLAST AND RANGE TANKS 

Both of t h e s e  tanks  a r e  6 - f t - d i a m  c y l i n d e r s  j o ined  by a s h o r t  spool  
p i e c e  con ta in ing  a h igh vacuum va lve  which  p e r m i t s  p r e s s u r e  i s o l a t i o n  
of the  two tanks .  

The  b las t  tank is 12 ft long and has  a s e r i e s  of po r t s  a long the s i d e s  
and upper  s u r f a c e  to p e r m i t  X - r a y  pho tog raphs  to be t aken  of the  m o d e l  
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and sabot  a f t e r  they  have  lef t  the  launch  tube.  The  r a n g e  tank is  103 ft 
long  and is equ ipped  wi th  s ix  d u a l - a x i s  s h a d o w g r a p h s  i n s t a l l e d  at 
a p p r o x i m a t e l y  15-ft i n t e r v a l s .  T h e r e  is a l so  a h igh  s e n s i t i v i t y ,  s i n g l e -  
pass  s c h l i e r e n  s y s t e m  which  is u s e d  to s tudy body flow f ie lds  o v e r  a 
wide  r a n g e  of m o d e l  f l ight  cond i t i ons .  This  s y s t e m  can be o p e r a t e d  
with a v e r t i c a l  o r  h o r i z o n t a l ,  s e r v o - c o n t r o U e d  knife  edge,  with a 
v e r t i c a l  or  h o r i z o n t a l  W o l l a s t o n  b i r e f r i n g e n t  p r i s m ,  or  as a focused  
s h a d o w g r a p h .  When a s i n g l e - f l a s h  s p a r k  s o u r c e  is used ,  the flow f ie ld  
is  p h o t o g r a p h e d  with a Speed  Graph ic  ® c a m e r a .  A S t robok in  ® m u l t i -  
s p a r k  l ight  s o u r c e  is used  in con junc t ion  with a h i g h - s p e e d  d r u m  c a m e r a  
to s tudy the  far  wakes  of h igh  s p e e d  bod ies .  Us ing  th i s  l a t t e r  a r r a n g e -  
men t ,  as m a n y  as twenty  f r a m e s  can  be p h o t o g r a p h e d  du r ing  a s i n g l e  shot .  

2.3 MICROWAVE INSTRUMENTATION 

The  b a c k s c a t t e r e d  s i g n a l s  f r o m  the  wakes  of h igh s p e e d  s p h e r e s  
w e r e  m o n i t o r e d  with 'a 3 5 - k m c  obl ique  Dopp le r  r a d a r .  A s c h e m a t i c  of 
the  r a d a r  head  is shown in Fig .  1. The  an t enna  is l o c a t e d  in the  r a n g e  
tank  and is m o u n t e d  at an angle  of 45 deg  to the  long i tud ina l  axis  of the  
r a n g e .  The  s e n s i t i v i t y  of the  r a d a r  shown in Fig.  1 could  be i n c r e a s e d  
by adding  s t a g e s  of m i c r o w a v e  a m p l i f i c a t i o n  and by e m p l o y i n g  i -  f 
s t a g e s ;  h o w e v e r ,  for  the  p u r p o s e  of the  t e s t  w o r k  d e s c r i b e d  h e r e ,  the  
c i r c u i t r y  shown in Fig .  1 was c o n s i d e r e d  to be adequa te .  A s c h e m a t i c  
of the c o m p l e t e  r a d a r  i n s t a l l a t i on ,  i nc lud ing  the  t r a n s m i t t e r  and the  r e -  
c e i v i n g  and p a r a s i t e  an t ennas ,  is shown in Fig .  2. The  s i gna l s  e n t e r i n g  
the  r e c e i v i n g  and p a r a s i t e  an t ennas  w e r e  d e t e c t e d  and d - c  coup led  to 
r e c o r d i n g  o s c i l l o s c o p e s .  The  focus ing  an tennas  e m p l o y e d  in the  r a d a r s  
c o n s i s t e d  of con ica l  h o r n s ,  p h a s e - c o r r e c t e d  with d i e l e c t r i c  l e n s e s .  The  
t r a n s m i t t i n g  an tenna ,  shown in F igs .  1 and 2, was  equ ipped  wi th  a l ens  
hav ing  a focal  l eng th  of 24 in. and f /D r a t i o  of 4. L a b o r a t o r y  m e a s u r e -  
m e n t s  of the  an t enna  p a t t e r n s  of th is  p a r t i c u l a r  h o r n - l e n s  c o m b i n a t i o n  
m a d e  u s ing  0. 175-in.  - d i a m  s p h e r i c a l  t a r g e t s ,  i n d i c a t e d  an E - p l a n e ,  
3-db b e a m  width of 6~t (2 .02  in. at 35 kmc) ,  an H - p l a n e  3-db b e a m  
wid th  of 81 (2 .7  in. at 35 kmc) ,  and an H - p l a n e ,  10-db b e a m  width  of l l k  
(3 .7  in. at 35 kmc) .  The  an t enna  is o r i e n t e d  such  that  the  E - p l a n e  is 
p a r a l l e l  to the  m o d e l  f l ight  ax is ,  as shown in Fig .  2. T h e r e f o r e ,  when  
th i s  an tenna  is used  in the  ob l ique  r a d a r  s y s t e m  with a v i ewing  angle  of 
45 deg,  the  d i s t a n c e  t r a v e l e d  by a s p h e r e  du r ing  p a s s a g e  t h r o u g h  the  

b e a m  is 2 . 0 2 ~ f 2 =  2.85 i n . ,  b e t w e e n  the  3-db po in t s .  

H o w e v e r ,  the  an t enna  focus ing  p r o p e r t y  of m o s t  i n t e r e s t  in the a e r o -  
p h y s i c a l  m e a s u r e m e n t s  d i s c u s s e d  in th i s  r e p o r t  is the  to ta l  e f f e c t i v e  
b e a m  width,  i . e . ,  the  to ta l  d i s t a n c e  a long the f l ight  axis  d u r i n g  which  
d i s c e r n i b l e  r a d a r  s i gna l s  a r e  ob ta ined  f r o m  the  m o d e l .  Th i s  e f f e c t i v e  

2 
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va lue  of b e a m  width is t h e r e f o r e  a funct ion of the s e n s i t i v i t y  of the r a d a r  
and its r eadou t  s y s t e m ,  in add i t ion  to the  focus ing  p r o p e r t i e s  and v iew-  
ing angle  of the  an tenna  and the  r e f l e c t a n c e  p r o p e r t i e s  of the mode l*  and 
i ts  flow field.  The  s e n s i t i v i t y  is l i m i t e d  by the i n h e r e n t  r a d a r  and r e a d -  
out s y s t e m  n o i s e  l eve l s ,  which r e m a i n  fa i r ly  cons t an t  for a g iven  s y s t e m .  
The  m i n i m u m  d e t e c t a b l e  r e f l e c t e d  s igna l  (a m e a s u r e  of the  r a d a r  s e n s i -  
t iv i ty)  f r o m  a s p h e r e  for  a r a d a r  o p e r a t i n g  at a g iven  no i se  l e v e l  is a 
funct ion  of the  m i c r o w a v e  i l l u m i n a t i o n  intensity~f on the  s p h e r e  and of 
the  d i a m e t e r  and m a t e r i a l  and s u r f a c e  p r o p e r t i e s  of the  s p h e r e .  S u m -  
m a r i z i n g ,  the to ta l  e f f ec t ive  b e a m  width,  as de f ined  above,  is d e t e r -  
m i n e d  p r i m a r i l y  by the  focus ing  p r o p e r t i e s  and v i ewing  angle  of the  
an tenna ,  the i n t ens i t y  of m i c r o w a v e  i l l u m i n a t i o n  on the  s p h e r e ,  and by 
the  r e f l e c t a n c e  p r o p e r t i e s  of the  s p h e r e .  

A typ ica l  d y n a m i c  va lue  of the  to ta l  e f f ec t ive  b e a m  width is i l l u s -  
t r a t e d  in Fig.  3a by a r a d a r  r e c o r d  which  i n d i c a t e s  that  d i s c e r n i b l e  
r e f l e c t i o n s  w e r e  ob ta ined  f r o m  a nonab la t ing  a l u m i n u m  s p h e r e  for  a 
d i s t a n c e  of 4 .65  in. a long the f l ight  axis .  It is a l so  shown in Fig.  3a 
that  the s p h e r e  t r a v e l e d  2 .87 in. a long the f l ight  axis  b e t w e e n  the  3-db 
poin ts  in the  m i c r o w a v e  beam,  which  c o r r e s p o n d s  to a 3-db b e a m  width 

f - - . - -  

of 2 .03 in. (i. e . ,  2 . 8 7 / ~  ~2 ) in the  E - p l a n e .  The  va lue  of 3-db b e a m  
width,  2 .03  in . ,  a g r e e s  wel l  with the  va lue  of 2 .02 in. m e a s u r e d  in the  
l a b o r a t o r y ,  us ing  a t a r g e t  hav ing  a p r o j e c t e d  a r e a  of 0. 16 of that  of the 
s p h e r e  r e p r e s e n t e d  in Fig .  3a. Th is  is i nd i ca t i ve  of the  w e l l - f o c u s e d  
c h a r a c t e r  of the  m i c r o w a v e  b e a m .  The e x p e r i m e n t a l  va lue  of 3-rib b e a m  
width  shown in Fig.  3a was  ob ta ined  f r o m  the  6-db poin ts  on the  Dopp le r  
r e c o r d  b e c a u s e  the  a m p l i t u d e  of the  Dopple r  s i gna l  is p r o p o r t i o n a l  to the  
s q u a r e  of the t r u e  b e a m  f ie ld  in t ens i ty ,  a s s u m i n g  a s q u a r e - l a w  d e t e c t o r  
r e s p o n s e  (Ref. 2). The  to ta l  e f f ec t ive  b e a m  width  shown in Fig.  3a 
(name ly ,  4 .65  in. ) is a p p r o x i m a t e l y  equal  to the  E - p l a n e ,  10-db b e a m  
width p r o j e c t e d  on the  fl ight axis .  

*The  r e f l e c t a n c e  p r o p e r t i e s  of c o n c e r n  h e r e  a r e  m o d e l  s i ze ,  s u r f a c e  
m a t e r i a l ,  and s u r f a c e  r o u g h n e s s .  

SWhile the  s p h e r e  is in the m i c r o w a v e  b e a m ,  the  i n t e n s i t y  of 
i l l u m i n a t i o n  on the  s p h e r e  is not only a funct ion of the  m o d e l  pos i t i on  in 
the E - p l a n e  of the  m i c r o w a v e  beam,  i. e . ,  a long the r a n g e  c e n t e r l i n e ,  
but a l so  i ts  pos i t ion  in the  H-p lane  of the  b e a m  and i ts  pos i t ion  a long the  
op t ica l  axis  of the  beam.  
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SECTION Ill 
ABLATION PREDICTIONS BASED ON TEMPERATURE AT STAGNATION POINT 

The t e m p e r a t u r e  at the  body s t agna t i on  point  is of i n t e r e s t  s i n c e  it 
is an ind ica t ion  of w h e t h e r  o r  not the m o d e l  unde r  t e s t  migh t  ab la te .  It 
has  been  shown (Ref.  3) that  the  t e m p e r a t u r e  r i s e  at the  s t agna t i on  point  
c a u s e d  by the a e r o d y n a m i c  hea t ing  is g iven  by 

AT = 10(V~/10'*) 2"6S[(p~/760)(S/r)(l/pCK)]'~ (1) 

(The s y s t e m  of uni ts  is de f ined  in the n o m e n c l a t u r e .  ) Th i s  equa t ion  is 
ba sed  on the  so lu t ion  of the  uns t eady  hea t  conduc t ion  equa t ion  for  a 
s p h e r e  u n d e r  the  fo l lowing  cond i t ions :  (1) in i t i a l  a m b i e n t  t e m p e r a t u r e  
of 300*K th roughou t  the  mode l ,  (2) cons t an t  h e a t - t r a n s f e r  r a t e  to the  
s p h e r e ,  (3) s h o r t  f l ight  t i m e s ,  and (4) no m o d e l  ro ta t ion .  The  p r o p e r t i e s  
of s o m e  of the m a t e r i a l s  l i ke ly  to be used  in a e r o b a l l i s t i c  r a n g e  work  a r e  
l i s t e d  in Tab le  I. F i g u r e  4 and Table  I p e r m i t  c a l c u l a t i o n  of the  f l ight  
d i s t a n c e  r e q u i r e d  for  a s p h e r e  to r e a c h  m e l t i n g  t e m p e r a t u r e  at the  s t a g -  
na t ion  point .  

In the p r e s e n t  i n v e s t i g a t i o n  the  m i c r o w a v e  e q u i p m e n t  was l o c a t e d  
a p p r o x i m a t e l y  40 ft f r o m  the  m u z z l e  of the  gun. Us ing  th is  d i s t a n c e  and 
the  data  g iven  in Fig.  4 and Table  I, the p r e d i c t e d  r e s u l t s  p e r t a i n i n g  to 
the  p r e s e n t  s tudy  a r e  shown in Fig.  5. Equa t ion  (1) shows  that  for" a 
p a r t i c u l a r  m a t e r i a l ,  l eng th  of f l ight  path, and ve loc i ty ,  the  p r e s s u r e  at 
which  ab la t ion  is l i ke ly  to o c c u r  is d i r e c t l y  p r o p o r t i o n a l  to the  m o d e l  
d i a m e t e r .  Th is  r e l a t i o n s h i p  is i l l u s t r a t e d  by the  c u r v e s  for  a l u m i n u m  
s p h e r e s  shown in Fig.  5. It is e n c o u r a g i n g  to note  that  a c a l c u l a t i o n  
m e n t i o n e d  by K o r n e g a y  (Ref. 4) for  a 0. 1 8 7 - i n . - d i a m  a l u m i n u m  s p h e r e ,  
t r a v e l i n g  at 18, 000 f t / s e c  for  a d i s t a n c e  of 45 ft, is in good a g r e e m e n t  
with the  p r e s e n t  c a l c u l a t i o n s  (Fig .  5). 

SECTION IV 
DISCUSSION OF RESULTS 

4.1 COMPARISON OF PREDICTED ABLATION ONSET WITH RADAR SIGNALS 

The  above ca l cu l a t i ons  should  be c o n s i d e r e d  as dep i c t i ng  cond i t ions  
u n d e r  which  the  p o s s i b i l i t y  of ab la t ion  cannot  be o v e r l o o k e d .  F o r  
e x a m p l e ,  a s e r i e s  of 0. 125-in.  - d i a m  s t e e l  s p h e r e s  has been  l aunched  
at s p e e d s  of a p p r o x i m a t e l y  17, 300 f t / s e c  into an a m b i e n t  p r e s s u r e  of 
200 m m  Hg. R e f e r e n c e  to Fig .  5 i n d i c a t e s  that  m o d e l  ab la t ion  u n d e r  
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t h e s e  c o n d i t i o n s  w o u l d  be  l i k e l y .  A s i m p l e  b a l l i s t i c  s p e c t r o g r a p h  i n d i -  
c a t e d  t h e  p r e s e n c e  o f  i r o n  in t h e  f low f i e l d  a r o u n d  t h e s e  m o d e l s .  
F i g u r e  3c i n d i c a t e s  a r a d a r  r e t u r n  f r o m  t h e  w a k e  of  s u c h  a m o d e l .  A 
0. 1 2 5 - i n .  - d i a m  t u n g s t e n  c a r b i d e  s p h e r e  f i r e d  u n d e r  s i m i l a r  c o n d i t i o n s  
p r o d u c e d  no  r a d i a t i o n  w h i c h  c o u l d  be  d e t e c t e d  by  t h e  b a l l i s t i c  s p e c t r o -  
g r a p h  a n d  no  w a k e  r e f l e c t i o n s  w h i c h  t h e  r a d a r  c o u l d  d e t e c t  ( F i g .  3d).  
F i g u r e  5 i n d i c a t e s  t h a t ,  a t  a v e l o c i t y  of  17, 300 f t / s e c ,  a p r e s s u r e  on  
t h e  o r d e r  o f  300 m m  H g  w o u l d  be  r e q u i r e d  to  p r o d u c e  a b l a t i o n  o f  t h e  
t u n g s t e n  c a r b i d e  s p h e r e .  

To determine whether there is a relationship between a radar wake 
return and the likelihood of model ablation, the radar returns for a 
variety of materials and flight conditions (listed in Table II) are com- 
pared in Fig. 6. These comparisons suggest that a radar" wake return 
most often was obtained whenever the model and shot conditions were 
such that the melting temperature boundary was approached. 

F i g u r e  7 r e p r e s e n t s  a 0.  1 2 5 - i n .  - d i a m  c o p p e r  s p h e r e  l a u n c h e d  a t  
26, 200 f p s  a n d  a r a n g e  p r e s s u r e  of  1 9 . 6  m m  Hg w i t h  no s i g n  of  t r a n s i t i o n  
in  t h e  v i s i b l e  w a k e .  U n f o r t u n a t e l y ,  no  s i m i l a r  s c h l i e r e n  r e c o r d  is  a v a i l a b l e  
f o r  a 0 . 2 5 - i n .  - d i a m  s p h e r e ,  bu t ,  b a s e d  on  R e f .  5, i t  c a n  b e  s h o w n  t h a t  t h e  
0 . 2 5 - i n .  s p h e r e  a t  t h e  s a m e  c o n d i t i o n s  s h o u l d  h a v e  a l a m i n a r  w a k e  f o r  a p -  
p r o x i m a t e l y  23 b o d y  d i a m e t e r s .  On  t h e  s a m e  b a s i s ,  t h e  0.  1 2 5 - i n .  s p h e r e  
s h o u l d  h a v e  a l a m i n a r  w a k e  f o r  r o u g h l y  46 b o d y  d i a m e t e r s .  F i g u r e  6a  i n d i -  
c a t e s  t h a t  a 0 . 2 5 - i n .  - d i a m  a l u m i n u m  s p h e r e  l a u n c h e d  at  t h i s  s p e e d  a n d  
p r e s s u r e  s h o u l d  be  c o n s i d e r e d  a s  l i k e l y  t o  a b l a t e .  T h e  o b l i q u e  r a d a r  a n d  
r e c e i v i n g  a n t e n n a  r e c o r d s  a r e  s h o w n  in  F i g s .  8a a n d  b f o r  a s h o t  of  t h i s  
t y p e  (Shot  K - 1 4 0 8 ) .  A l s o  s h o w n  in  F i g .  8c is  t h e  p a r a s i t e  a n t e n n a  r e c o r d  
f o r  a n o t h e r  s i m i l a r  s h o t  (Shot  K - 1 4 1 5 ,  T a b l e  I f ) .  

The oblique radar record (Fig. 8a) indicates that there is a low 
frequency return from the wake indicating a reflecting source velocity 
about 40 times slower than that indicated in Fig. 3c for a turbulent wake. 
The receiving antenna (Fig. 8b) indicates that the transmitted signal is 
completely cut off for approximately 400 ~sec. If, as would be inferred 
from the schlieren observations (Ref. 5) the wake is laminar for roughly 
23 diameters or 18 psec, then a specular reflection of the microwave 
energy would be expected for that time. Figure 8c indicates that the 
parasite antenna located to monitor specular reflection detected a reflected 
signal for approximately 400~sec. Thus, under these conditions (0.25-in. 
-diam aluminum sphere at 26,000 ft/sec at a pressure of 20 mm Hg), the 
wake is opaque to microwave energy and either wholly laminar for a greater 
time or distance than one would expect, or the possibly turbulent inner wake 
is shielded from microwave interaction by ablation products. This points to 
an influence of ablation on microwave signals which cannot be detected by a 
simple backscatter system. 

(- 
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F i g u r e  6 d i n d i c a t e s  tha t  a 0. 125- in .  - d i a m  c o p p e r  s p h e r e  a t  
26 ,000  f t / s e c  and  a p r e s s u r e  of 20 m m  Hg wou ld  not  be  l i k e l y  to ab l a t e ,  
and  F ig .  6a i n d i c a t e s  tha t  a 0. 125- in .  - d i a m  a l u m i n u m  s p h e r e  at  the  
s a m e  c ond i t i ons  wou ld  a b l a t e .  In F ig .  9 the  r e c e i v i n g  and p a r a s i t e  
a n t e n n a  r e c o r d s  f r o m  two s u c h  sho t s  a r e  c o m p a r e d .  F o r  the  c o p p e r  
m o d e l  (F ig .  9a) both a n t e n n a s  r e c o r d e d  the  p a s s a g e  of the  m o d e l  only;  
w h e r e a s  for  the  a l u m i n u m  m o d e l  (F ig .  9b), a s t r o n g  s i g n a l  was  r e c e i v e d  
f r o m  the  wake  on both a n t e n n a s .  Th i s  t e n d s  to c o n f i r m  the  c o n c l u s i o n  
d r a w n  e a r l i e r  that  at t h i s  m i c r o w a v e  f r e q u e n c y  and at t h e s e  shot  c o n d i -  
t ions ,  the p r o d u c t s  of ab l a t i on  a p p e a r  to have  p r o v i d e d  the  s o u r c e  of 
r e f l e c t i o n  for  the  m i c r o w a v e  e n e r g y  f r o m  the  w a k e s .  

F i g u r e  10 p r e s e n t s  the  e x p e r i m e n t a l l y  m e a s u r e d  v a r i a t i o n  of e l e c t r o n  
d e n s i t y  with a m b i e n t  p r e s s u r e  and v e l o c i t y  in the  w a k e s  of n o n a b l a t i n g  
s p h e r e s  (Ref.  6). F o r  the  m o d e l  and f l ight  c o n d i t i o n s  l i s t e d  in T a b l e  II,  
F ig .  10 i n d i c a t e s  tha t  the  wake  e l e c t r o n  d e n s i t y  was  a l w a y s  l e s s  t han  
1012 c m - 3  when  x / d  -> 40. H e a l d  and W h a r t o n  (Ref.  7) show tha t  when  
the  wake  e l e c t r o n  d e n s i t y  is equa l  to o r  g r e a t e r  t han  the  cutof f  e l e c t r o n  
d e n s i t y  at the  p a r t i c u l a r  m i c r o w a v e  f r e q u e n c y  ( o v e r d e n s e  cond i t ion) ,  the  
p l a s m a  r e f l e c t i o n  c o e f f i c i e n t  is c l o s e  to uni ty .  When  the  wake  e l e c t r o n  
d e n s i t y  is an o r d e r  of m a g n i t u d e  l e s s  t han  the  cutoff  v a l u e  ( u n d e r d e n s e ) ,  
then  the  r e f l e c t i o n  c o e f f i c i e n t  is  on the  o r d e r  of 0 .01 .  T h u s ,  in the  o v e r -  
d e n s e  c a s e  a s t r o n g  b a c k s c a t t e r e d  s i g n a l  would  be e x p e c t e d .  T h e  c o n d i -  
t i ons  for  a l l  sho t s  l i s t e d  in T a b l e  II a r e  s(lch tha t  the  e l e c t r o n  d e n s i t y  in 
the  wake  of a n o n a b l a t i n g  body is a l w a y s  an o r d e r  of m a g n i t u d e  l e s s  t han  
the  cutof f  va lue  for  a 3 5 - k m c  s y s t e m  (1 .24  x 1013 /cm3) ,  as  i n f e r r e d  
f r o m  Ref.  6 and shown in F ig .  10. T h e r e f o r e ,  it would  not be e x p e c t e d  
tha t  the  p r e s e n t  r a d a r  s y s t e m  cou ld  d e t e c t  any s t r o n g  b a c k s c a t t e r e d  
s i g n a l s  f r o m  the  w a k e s  of the  n o n a b l a t i n g  s p h e r e s .  

L i s t e d  in T a b l e  II a r e  s o m e  r e s u l t s  o b t a i n e d  wi th  ny lon  s p h e r e s .  A 
m e l t i n g  b o u n d a r y  c u r v e  has  not been  d e r i v e d  for  th i s  m a t e r i a l  b e c a u s e  
t h e r e  is u n c e r t a i n t y  in the  de f i n i t i on  of m e l t i n g  t e m p e r a t u r e  for  a l l  s u c h  
t h e r m o p l a s t i c s .  H o w e v e r ,  the  r e s u l t s  of s o m e  low s p e e d  sho t s  wi th  th i s  
m a t e r i a l  a r e  of i n t e r e s t .  In F ig .  3b it can  be s e e n  tha t  t h e r e  is a b a c k -  
s c a t t e r e d  s i g n a l  f r o m  the  wake  of a ny lon  s p h e r e  at a v e l o c i t y  of 
10, 500 f t / s e c  and a p r e s s u r e  of 99 m m  Hg. A b l a t i o n  at t h e s e  f l ight  c o n -  
d i t ions  was  i n i t i a t e d  by f i r i n g  the  s p h e r e  into a b l a s t  t ank  p r e s s u r e  of 
600 m m  Hg to i n d u c e  e a r l y  ab la t ion .  F r o m  t h e r e  the  s p h e r e  p a s s e d  
t h r o u g h  a d i a p h r a g m  into the  l o w e r  p r e s s u r e  in the  r a n g e .  A l u m i n u m  
m o d e l s  (Tab l e  II;  sho t s  1270, 1272, 1273, and 1274) l a u n c h e d  at s i m i l a r  
p r e s s u r e s  and v e l o c i t i e s  gave  no e v i d e n c e  of any r e t u r n  f r o m  the  wake .  
T h e r e f o r e ,  u n d e r  t h e s e  c o n d i t i o n s ,  the  r a d a r  r e t u r n  f r o m  the  wake  ind i -  
c a t e d  in Fig .  3b aga in  can  be a s s o c i a t e d  wi th  the  p r e s e n c e  of the  p r o d u c t s  
of ab la t ion .  

6 
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4.2 EFFECTIVE RADAR WAKE DIAMETER 

T h e  d i a m e t e r  of the  f o c u s e d  m i c r o w a v e  b e a m  at t he  10-db p o i n t s  in 
t he  H - p l a n e  was  d e t e r m i n e d  e x p e r i m e n t a l l y  in the  l a b o r a t o r y  to be 3.7 in.  
F o r  c o m p l e t e  cu to f f  of t r a n s m i s s i o n ,  as s h o w n  in F ig .  8b, t he  w a k e  
d i a m e t e r  has  to  be equa l  to at l e a s t  3 . 7  in. T h e  wake  b e h i n d  a 0. 1 2 5 - i n . -  
d i a m  a l u m i n u m  s p h e r e  (F ig .  9b) d o e s  not  i n d i c a t e  c o m p l e t e  cu to f f .  H o w -  
e v e r ,  t h i s  s m a l l e r  wake  s t i l l  a p p e a r e d  o p a q u e  to the  m i c r o w a v e  e n e r g y ,  
as  e v i d e n c e d  by the  a t t e n u a t i o n  in the  r e c e i v e r  ou tpu t  w h i c h  i n d i c a t e d  
a p p r o x i m a t e l y  50 p e r c e n t  of c o m p l e t e  cu tof f .  T h e  m i c r o w a v e  s i g n a l  is 
a t t e n u a t e d  to t h i s  5 0 - p e r c e n t  l e v e l  fo r  a p p r o x i m a t e l y  500 body  d i a m e t e r s ,  
w h i c h  c o m p a r e s  f a v o r a b l y  wi th  the  cu to f f  l e n g t h  fo r  the  0 . 2 5 - i n .  - d i a m  

m o d e l s  (F ig .  8b). 

It  is  of i n t e r e s t  to  c o n s i d e r  the  d i a m e t e r s  of s o m e  of t h e  r e l e v a n t  
f lu id  d y n a m i c  f low f i e ld  r e g i o n s  to  d e t e r m i n e  t he  z o n e s  of t he  f low f i e ld  
w h e r e  t he  p r o d u c t s  of a b l a t i o n  a r e  c o n f i n e d .  T h e  v i s c o u s  and  i n v i s c i d  
w a k e s  and t he  bow s h o c k  wave  s h a p e  a r e  d e f i n e d  in F ig .  11, and  s o m e  
v a l u e s  fo r  their '  d i m e n s i o n s ,  d e r i v e d  f r o m  Ref .  5, a r e  s h o w n  in F ig .  12 
fo r  a p a r t i c u l a r  s e t  of t e s t  c o n d i t i o n s .  It  wi l l  be n o t e d  tha t  t he  d i a m e t e r s  
of  t he  v i s c o u s  and i n v i s c i d  w a k e s  a r e  a l m o s t  equa l  f o r  t h e s e  c o n d i t i o n s  
when  50 e x / d  ~ 1000. However ' ,  t he  v i s c o u s  wake  d i a m e t e r  h a s  b e e n  
d e r i v e d  f r o m  da t a  w h e r e  t u r b u l e n c e  is  known  to o c c u r  c l o s e  to  the  body.  
F i g u r e  12 s u g g e s t s  tha t  f o r  Shot  K - 1 4 0 8  t he  d i a m e t e r  of t he  r e f l e c t i n g  
s o u r c e  in the  wake  of the  s p h e r e  was  g r e a t e r  t h a n  t he  v i s c o u s  and i n -  
v i s c i d  wake  d i a m e t e r s  and,  in fac t ,  a p p e a r s  to  h a v e  a p p r o a c h e d  t he  bow 
s h o c k  w a v e  b o u n d a r y .  T h i s  i n d i c a t e s ,  at l e a s t  f o r  t h i s  f l igh t  c o n d i t i o n ,  
t ha t  t h e  p r o d u c t s  of a b l a t i o n  w e r e  not  c o n f i n e d  to the  i n v i s c i d  o r  v i s c o u s  
i n n e r  w a k e s  but w e r e  p r e s e n t  in the  o u t e r  w a k e  as  we l l .  I t  is  of i n t e r e s t  
to  no t e  tha t  the  r e g i o n  of c o m p l e t e  cu to f f  fo r  t he  p r e s e n t  h igh  s p e e d ,  
a b l a t i n g  a l u m i n u m  m o d e l s  is  on the  o r d e r  of 500 body d i a m e t e r s  w h i c h  
c o m p a r e s  wi th  the  l e n g t h  of the  v i s i b l e  t r a i l  m e a s u r e d  by T a y l o r  et al .  
(Ref .  8). 

M o s t  of t he  m o d e l s  l a u n c h e d  in s u p p o r t  of t h i s  i n v e s t i g a t i o n  h a v e  
b e e n  p h o t o g r a p h e d  wi th  a h i g h - s p e e d  F a s t a x  ® c a m e r a  w h i c h  v i e w s  t h e  
o n c o m i n g  m o d e l  fo r  a l m o s t  the  t o t a l  f l igh t  d i s t a n c e .  A t y p i c a l  p h o t o -  
g r a p h  of an a b l a t i n g  m o d e l  is  s h o w n  in F ig .  13. So l id ,  0. 125- in .  - d i a m ,  
c o p p e r  s p h e r e s  have  b e e n  l a u n c h e d  at  s i m i l a r  f l igh t  c o n d i t i o n s  and the  
F a s t a x  e c a m e r a  r e c o r d s  fo r  t h e s e  s h o t s  i n d i c a t e  on ly  a s m a l l  r e g i o n  
of l u m i n o s i t y  wh ich  can  be a s s o c i a t e d  wi th  the  m o d e l  n o s e  cap .  F u r t h e r -  
m o r e ,  fo r  t h e s e  f l ight  c o n d i t i o n s ,  i. e . ,  a m o d e l  v e l o c i t y  of 26,000 f t / s e c  
and  r a n g e  p r e s s u r e  of  20 m m  Hg, t he  wake  of t he  c o p p e r  s p h e r e  is 
t r a n s p a r e n t  to the  m i c r o w a v e  e n e r g y  (F ig .  9a). 

7 
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4.3 WAKE VELOCITY MEASUREMENT 

If the  e l e c t r o n  d e n s i t y  in the wake  of a body is su f f i c i en t l y  high,  
s o m e  of the  inc iden t  m i c r o w a v e  e n e r g y  t r a n s m i t t e d  by the  ob l ique  r a d a r  
wil l  be r e f l e c t e d .  The  f r e q u e n c y  of the  b a c k s c a t t e r e d  s igna l  can be 
r e l a t e d  to the  ve loc i t y  of the  r e g i o n s  of h igh e l e c t r o n  d e n s i t y  which  
g ives  r i s e  to the  r e f l e c t i o n .  Dopp le r  r a d a r  da ta  ob ta ined  f r o m  the  t u r b u -  
len t  wakes  of high s p e e d  s p h e r e s  have  been  i n t e r p r e t e d  in t e r m s  of 
a p p a r e n t  wake v e l o c i t i e s .  In ca l l i ng  such  a v e l o c i t y  the  wake  ve loc i ty ,  
it  is a s s u m e d  that  the  r e g i o n s  of h igh e l e c t r o n  d e n s i t y  a r e  d i r e c t l y  r e -  
l a t ed  to the  o v e r a l l  f luid d y n a m i c  p r o p e r t i e s  of the  wake.  In an e a r l i e r  
s e c t i o n  it has  been  i n d i c a t e d  that  data  f r o m  Ref. 6 i m p l y  that ,  for  the  
v e l o c i t i e s  and p r e s s u r e s  of the p r e s e n t  i nves t i ga t i on ,  the  e l e c t r o n  
den s i t y  in the  wake of a nonab la t ing  s p h e r e  is too low to p r o d u c e  r e t u r n s  
which  can be d e t e c t e d  by the  p r e s e n t  r a d a r  s y s t e m .  H o w e v e r ,  wake  
r e t u r n s  w e r e  r e c o r d e d  d u r i n g  s o m e  sho t s ,  and it has  been  shown tha t  
ab la t ion  a p p e a r s  as the  m o s t  l i ke ly  c a u s e  of the h igh ly  r e f l e c t i v e  wakes  
(cf. Fig.  3c). Us ing  such  da ta  to d e t e r m i n e  wake  p r o p e r t i e s  is  ana logous  
to the  e x p e r i m e n t s  p e r f o r m e d  at Avco (Refs .  8 and 9) to d e l i n e a t e  the  
ex tent  and v e l o c i t y  of the  t u rbu l en t  wake by s tudy ing  the  l u m i n o s i t y  
g e n e r a t e d  by a h igh ly  ab la t ing  p las t i c  mode l .  The  m a i n  c o n c e r n  in u s ing  
the  p r o d u c t s  of ab la t ion  to p r o v i d e  a s o u r c e  of r e f l e c t i o n  is to d e t e r m i n e  
w h e t h e r  or  not the  fluid flow is m o d i f i e d  to a s i gn i f i can t  ex tent .  In 
Fig.  14 s c h l i e r e n  pho tog raphs  of the  t u r b u l e n t  wake  of an ab la t ing  ny lon  
s p h e r e  a r e  shown.  In Ref. 5 the  v a r i a t i o n  of wake g rowth  with axia l  
d i s t a n c e  beh ind  th is  s p h e r e  has been  c o m p a r e d  to that  of nonab la t ing  
s p h e r e s  and has  been  found to be the  s a m e  (wi thin  the  l i m i t a t i o n s  of 
e x p e r i m e n t a l  accuracy} .  This  would s u g g e s t  that  g r o s s  wake  g rowth  is 
not s i g n i f i c a n t l y  a f fec ted  by the  d e g r e e  of ab la t ion  a s s o c i a t e d  with th is  
m o d e l .  

• In Fig.  15 the axial  v e l o c i t y  v a r i a t i o n  ob ta ined  with the  3 5 - k m c  
focused  obl ique  r a d a r  is c o m p a r e d  with m e a s u r e m e n t s  m a d e  at MIT, 
Avco,  and GM (Refs .  9 t h rough  11) and a l so  with the  L e e s - H r o m a s  
t h e o r e t i c a l  v a r i a t i o n  (Ref.  12). The  p r e s e n t  data  a r e  in fa i r  a g r e e m e n t  
with t h e s e  e x p e r i m e n t a l  and t h e o r e t i c a l  r e s u l t s .  The  r a d a r  da ta  shown 
in Fig .  15 inc lude  wakes  c o n t a m i n a t e d  with five d i f f e r en t  m a t e r i a l s :  
nylon,  copper ,  a l u m i n u m ,  t u n g s t e n  c a r b i d e ,  and s t e e l .  T h e s e  f ive m a t e -  
r i a l s  r e p r e s e n t  a r a n g e  in spec i f i c  g r av i t y  f r o m  a p p r o x i m a t e l y  1 to 15 
and a m e l t i n g  t e m p e r a t u r e  r a n g e  f r o m  500 to 3500~K. No c o n s i s t e n t  
ef fec t  of m a t e r i a l  p r o p e r t y  on wake  v e l o c i t y  can be d e t e c t e d .  T h e r e f o r e ,  
it s e e m s  r e a s o n a b l e  to a s s u m e  that  the  m e a s u r e d  wake  v e l o c i t i e s  c l o s e l y  
a p p r o x i m a t e  the  c lean  wake  ve loc i t y  which,  in tu rn ,  c o n t r i b u t e s  to the  
good a g r e e m e n t  with the  t h e o r e t i c a l  va lues .  
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It is of i n t e r e s t  to note  that  the  v e l o c i t i e s  m e a s u r e d  by r a d a r  a r e  
g r e a t e r  than  t h o s e  m e a s u r e d  with  s c h l i e r e n  t e c h n i q u e s ,  as shown in 
F ig .  15. The  v e l o c i t y  m e a s u r e d  wi th  the ob l ique  r a d a r  r e p r e s e n t s  the  
l o c a l  v e l o c i t y  at the  p a r t i c u l a r  p o r t i o n  of the  wake  f r o m  w h i c h  the  r a d a r  
e n e r g y  is r e f l e c t e d .  (The  c l e a n  wave  f o r m  of the  Dopp le r  r a d a r  wake  
r e t u r n ,  e. g. F ig .  3c, s u g g e s t s  tha t  the  r e f l e c t i o n  is f r o m  a u n i f o r m  
s o u r c e .  ) O t h e r  r a d i a l  s t a t i o n s  in the  wake ,  w h i c h  have  d i f f e r e n t  
v e l o c i t i e s ,  m a y  be t r a n s p a r e n t  to o r  s h i e l d e d  f r o m  the  m i c r o w a v e  
e n e r g y .  P r e s u m a b l y  it is t h e s e  r e g i o n s  which  af fec t  the  r e s u l t  o b t a i n e d  
by s c h l i e r e n  u s a g e  and accoun t  for  the d i s c r e p a n c y  ev iden t  in F ig .  15. 
The  good a g r e e m e n t  b e t w e e n  the  m e a s u r e d  l u m i n o u s  (Ref.  9) and r a d a r  
wake  v e l o c i t i e s  i n d i c a t e s  that  the  c o n t a m i n a n t s  wh ich  p r o v i d e  the s o u r c e  
of l u m i n o s i t y  and r a d a r  r e f l e c t i o n  a r e  p r o b a b l y  con f ined  to the  s a m e  
r e g i o n  of the t u r b u l e n t  i n n e r  wake .  

4.4 TRANSITION FROM LAMINAR TO TURBULENT FLOW 

F o r  the  flight cond i t i ons  of the  p r e s e n t  i n v e s t i g a t i o n ,  the  s e n s i t i v i t y  
of the  D o p p l e r  r a d a r  s y s t e m  is s u c h  that ,  as no ted  e a r l i e r ,  only  r e f l e c -  
t i ons  c a u s e d  by the p r o d u c t s  of ab l a t i on  g e n e r a l l y  can  be d e t e c t e d .  B e -  
c a u s e  of the a g r e e m e n t  b e t w e e n  the r a d a r - m e a s u r e d  and t h e o r e t i c a l  
v a l u e s  of t u r b u l e n t  wake  v e l o c i t y  d i s c u s s e d  in the  p r e v i o u s  s e c t i o n ,  it 
would s e e m  r e a s o n a b l e  to c o n c l u d e  tha t  the  p r o d u c t s  of ab l a t i on  a r e  con-  
f ined to the  i n n e r  v i s c o u s  wake  in that  c a s e .  H o w e v e r ,  fo r  the  s p e c u l a r l y -  
r e f l e c t i n g  wakes  beh ind  ab l a t ing  a l u m i n u m  m o d e l s ,  the p r o d u c t s  of a b l a -  
t ion  e f f e c t i v e l y  s h i e l d  the  v i s c o u s  and i n v i s c i d  w a k e s  for  500 body 
d i a m e t e r s ,  as  d i s c u s s e d  in an e a r l i e r  s e c t i o n  and i l l u s t r a t e d  in F ig .  12. 
F o r  th i s  r e a s o n  it is not p o s s i b l e  in th i s  l a t t e r  c a s e  to d e t e r m i n e  w h e t h e r  
t h e r e  is any l a r g e  s c a l e  i n n e r  wake  t u r b u l e n c e  p r e s e n t .  F u r t h e r m o r e ,  
if the  flow is t u r b u l e n t  for  x /d  > 500, e x p e r i e n c e  has  shown tha t  the  
p r e s e n t  s y s t e m  has  not been  ab le  to d e t e c t  t u r b u l e n t  wake  r e t u r n s  tha t  
f a r  beh ind  a body. 

F o r  s o m e  s m a l l  m o d e l  s i z e s  the s c a l e  of t u r b u l e n c e  m a y  be so  
s m a l l  that  it is be low the  s e n s i t i v i t y  l i m i t  of a p a r t i c u l a r  D o p p l e r  r a d a r  
s y s t e m ,  and the  t y p i c a l  t u r b u l e n t  r e t u r n  wi l l  not be d i s c e r n i b l e .  If  the  
i n i t i a l  t u r b u l e n t  ce l l  s i z e  is l e s s  than  th i s  m i n i m u m  va lue ,  the  f i r s t  
r e t u r n  f r o m  such  a wake  wil l  o c c u r  f u r t h e r  beh ind  the  body, at a p o s i -  
t ion  w h e r e  th i s  ce l l  has  g r o w n  to a d e t e c t a b l e  s i z e .  Th i s  m e a n s  tha t  
for  a p a r t i c u l a r  f r e q u e n c y ,  t r u e  t r a n s i t i o n  wil l  only  be d e t e c t e d  if the  
in i t i a l  t u r b u l e n t  c e l l  s i z e  at t r a n s i t i o n  is above  the  m i n i m u m  d e t e c t a b l e  
s i z e .  

It has  been  shown (F ig .  3a) tha t  for  a n o n a b l a t i n g  s p h e r e  the  a m p l i -  
tude  of the r a d a r  r e t u r n  f r o m  the  m o d e l  is s y m m e t r i c a l  about  the  t i m e  
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ax i s .  If  an ab l a t ing  s p h e r e  has  l a m i n a r  flow i m m e d i a t e l y  beh ind  it, a 
low b a c k s c a t t e r e d  s i gna l  would  be e x p e c t e d ,  fo l lowed  by a t u r b u l e n t  
r e t u r n  typ i f i ed  by the  r e t u r n  shown in F ig .  16. The  o n s e t s  of s u c h  
d i s t u r b a n c e s  have  been  i n t e r p r e t e d  as the  i n n e r  wake  t r a n s i t i o n  po in t s  
and have  been  d e t e r m i n e d  for  a r a n g e  of m o d e l s  and fl_ight c o n d i t i o n s .  
T h e s e  da ta  a r e  shown in F ig .  17. The  t r a n s i t i o n  da ta  ob ta ined  f r o m  the 
ny lon  and a l u m i n u m  m o d e l s  a r e  in good a g r e e m e n t  and i n d i c a t e  that  the  
c o n t a m i n a n t  in e a c h  of t h e s e  c a s e s  ac t s  as a s e e d a n t  and does  not s ' ig- 
n i f i c a n t l y  mod i fy  the  flow f ie ld .  The  p r e s e n t  m i c r o w a v e  m e a s u r e m e n t s  
of t r a n s i t i o n  d i s t a n c e  for  s e e d e d  wakes  a r e  in good a g r e e m e n t  wi th  the  
" c l e a n  w a k e "  da ta  ob ta ined  by G e n e r a l  M o t o r s  (Ref .  10). 

It has  been  s u g g e s t e d  in Ref.  5 tha t  the  t r a n s i t i o n  d i s t a n c e  (as  m e a s -  
u r e d  f r o m  s c h l i e r e n  pho tographs}  in the wake  of a s p h e r e  can  be c o r r e -  
l a t e d  in t e r m s  of the  p a r a m e t e r s  (V]~)®Xt r /M ® and (V/v)®d for  
(V/v)®d _> 105 . F o r  h igh  s p e e d s ,  M® = 20 and (V/v)  d <  10 ~, t r a n s i t i o n  
f r o m  l a m i n a r  to t u r b u l e n t  flow in the  i n n e r  v i s c o u s  wake  is d i f f icu l t  to 
d e t e c t  wi th  a s c h l i e r e n  s y s t e m  b e c a u s e  the i n v i s c i d  wake  b e c o m e s  a 
s i g n i f i c a n t  flow f ie ld  o b s e r v a b l e  (F ig .  7} and s h i e l d s  the  i n n e r  v i s c o u s  
w a k e .  It has  been  s u g g e s t e d  in Ref.  5 and o t h e r  r e f e r e n c e s  tha t  for  
(V/v)®d < 105 and M® >- 20, a s c h l i e r e n  s y s t e m  does  not  i n d i c a t e  t r a n s i -  
t ion  f r o m  l a m i n a r  to t u r b u l e n t  f low in the  i n n e r  v i s c o u s  wake  but r a t h e r  
it i n d i c a t e s  the  point  at wh ich  the  t u r b u l e n t  i n n e r  v i s c o u s  wake  has  b r o k e n  
t h r o u g h  the  i n v i s c i d  wake  ( s e e  s k e t c h  in F ig .  17). What  a r e  b e l i e v e d  to 
be b r e a k t h r o u g h  d i s t a n c e s  o b t a i n e d  f r o m  the  VKF and o t h e r  s c h l i e r e n  
r e s u l t s  (Refs .  5 and 13) a r e  shown in the  u p p e r  p a r t  of F ig .  17. It  wi l l  
be no t ed  in F ig .  17 tha t  t h e r e  is poo r  a g r e e m e n t  b e t w e e n  the s c h l i e r e n  
m e a s u r e m e n t  of d i s t a n c e  to b r e a k t h r o u g h  and the  m i c r o w a v e - m e a s u r e d  
t r a n s i t i o n  d i s t a n c e  in the i n n e r  v i s c o u s  wake ,  w h i c h  is  c o n s i s t e n t  wi th  
t h e  above  a r g u m e n t .  

F r o m  the f o r e g o i n g  d i s c u s s i o n  it s e e m s  r e a s o n a b l e  to c o n c l u d e  tha t  
a 3 5 - k m c  obl ique  D o p p l e r  r a d a r  s y s t e m  can  d e t e c t  t r a n s i t i o n  in the  i n n e r  
v i s c o u s  wake  p r o v i d e d  th i s  wake  wi l l  r e f l e c t  the  i n c i d e n t  m i c r o w a v e  
e n e r g y  and is not s h i e l d e d  by the  p r o d u c t s  of ab l a t ion  as d i s c u s s e d  in an 
e a r l i e r  s e c t i o n .  On the  s t r e n g t h  of t h e s e  da ta ,  th i s  a p p a r e n t  p a r a d o x  
canno t  be ful ly  e x p l a i n e d .  F r o m  F ig .  10, it is  no t ed  that  the  shot  c o n d i -  
t ions  r e p r e s e n t e d  in F ig .  12, w h e r e  su f f i c i en t  e l e c t r o n  d e n s i t y  e x i s t e d  
a l l  the  way  to the  s h o c k  b o u n d a r i e s  to cu tof f  t r a n s m i s s i o n ,  a r e  c h a r a c t e r -  
i zed  by one to ten  t i m e s  g r e a t e r  (nonab la t ing)  e l e c t r o n  p r o d u c t i o n  than  the  
s h o t s  of F ig .  15, w h e r e  it is  i m p l i e d  that  the  s i g n i f i c a n t  e l e c t r o n  d e n s i t y  
was  con f ined  to the  i n n e r  wake .  H o w e v e r ,  th i s  d i f f e r e n c e  does  not s e e m  
c o n c l u s i v e ,  and it o n l y c a n  be sa id  tha t  in s o m e  l o w e r  p r e s s u r e ,  h igh  
s p e e d  c a s e s  (F ig .  12) the  i n n e r  wake  is h i d d e n  by an a p p a r e n t  o v e r - d e n s i t y  
of e l e c t r o n s  in the  e n t i r e  flow f ie ld .  The  d iv id ing  l i ne  b e t w e e n  t h e s e  two 
d i f f e r e n t  s i t u a t i o n s  is not  de f ined  as ye t .  

10 
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SECTION V 
CONCLUSIONS 

The  p r e s e n t  r a d a r  e x p e r i m e n t s  i nd i ca t e  tha t  d e t e c t a b l e  r e f l e c t i o n s  
ob ta ined  f r o m  the  wakes  of h y p e r v e l o c i t y  s p h e r e s  by the 3 5 - k m c  equ ip-  
m e n t  d e s c r i b e d  h e r e i n  w e r e  c l o s e l y  r e l a t e d  to, and p r o b a b l y  s o l e l y  
o r i g i n a t e d  f rom,  s p h e r e  ab la t ion .  The  a b l a t i o n - i n d u c e d  r a d a r  s i g n a t u r e  
of the  wake is  c h a r a c t e r i z e d  by the l a m i n a r  or  t u r b u l e n t  n a t u r e  of the 
wake.  The  l a m i n a r  wake of an ab l a t i ng  s p h e r e  p r o d u c e s  a v e r y  low 
f r e q u e n c y  r a d a r  r e t u r n  and r e f l e c t s  the  m i c r o w a v e  e n e r g y  at a 90 -deg  
ang le  to the  inc iden t  r a d a r  b e a m  when the  angle  of i n c i d e n c e  is  45 deg.  
The  r a d a r  s i g n a l  f r o m  the  t u r b u l e n t  wake of an  a b l a t i n g  s p h e r e  d i s p l a y s  
a h i g h e r  f r e q u e n c y  and i n d i c a t e s  a wake v e l o c i t y  tha t  a g r e e s  r e a s o n a b l y  
wel l  wi th  t h e o r e t i c a l  c a l c u l a t i o n s  and o t h e r  e x p e r i m e n t a l  r e s u l t s .  R a d a r  
m e a s u r e m e n t s  of the  t r a n s i t i o n  d i s t a n c e  a g r e e  with o t h e r  r a d a r  r e s u l t s  
and a l so  with s c h l i e r e n - m e a s u r e d  d i s t a n c e s .  
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Represents 
2.87 in. of 
Travel by 
Sphere along 
the 

Timeo 

Represents 
4.05 in. of 
Travel by 
Sphere along 

Vertical Sensitivity- 1 vlcm 
Horizontal Sensitivity - 1001Jsec/cm 

a. Shot K-1318 
0.437-in.-diam Aluminum Sphere 
Model Velocity -- 11, 400 ft/sec 
Range Pressure-- 25 mm Hg 

Delayed Sweep 

Vertical Sensitivity = 500 mvlcm 
Horizontal Sensitivity • 10 ISseclcm 

Direction 
of Sweep 

b. Shot K-1347 
O. 375-in. -diam Nylon Sphere 
Model Velocity -- 10, 500 ft/sec 
Range Pressure = 99 mm Hg 
Blast Tank Pressure -- 600 mm Hg 

Vertical Sensitivity - 200 mv/cm 
Horizontal Sensitivity - lO IJsec/cm 

Fig. 3 Typical Records from Oblique (45-deg) Doppler Radar 
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Time I 

Vertical Sensitivity = 200 mvlcm 
Horizontal Sensitivity = 100 pseclcm 

from Return from 
Model Begins Wake Begins 

Delayed Sweep 

Vertical Sensitivity = 100 mvlcm 
Horizontal Sensitivity = 10 IJseclcm 

c. Shot K-1316 
0.125-in.-diam Steel Sphere 
Model Velocity = 17, 700 ft/sec 
Range Pressure = 200 mm Hg 

!mgml mm,  jl , m i D  i i 

i M°del BeginslJJB~lReturn ni 

Vertical Sensitivity = 200 mvlcm 
Horizontal Sensitivity - 100 IJsec/cm 

Delayed Sweep 

Vertical sensitivity = 100 mvlcm 
Horizontal Sensitivity = 10 psec/cm 

d. Shot K-1313 
0. 125-in.-diam Tungsten-Carbide 
Model Velocity = 19, 400 ft/sec 
Range Pressure [] 200mm Hg 

Fig. 3 Concluded 
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Fig. 5 Calculated Melting Temperature Boundaries 
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Fig. 6 Concluded 

20 



430 680 930 Shot No. 1418 
VOD = 26, 200 ft/sec 
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Vertical Sensitivity = 500 mvlcm 
Horizontal Sensitivity = 100 pseclcm 

Delayed Sweep 

Vertical Sensitivity - 200 mv/cm 
Horizontal Sensitivity -- 10 psec/cm 

a. Oblique Radar Record 

m D-LC Level Represents Complete 
Cutoff of Transmission 

i Compile Cutoff " mmmmml 

 .._+__/B  iiillaimi 

b. Transmission 

Shot K- Iz108 
O. 25-in. -diam AI uminum Sphere 
Model Velocity -- 26, 200 ftlsec 
Range Pressure -- 19.8 mm Hg 

Vertical Sensitivity - 200 mvlcm 
Horizontal Sensitivity = 100 pseclcm 

Delayed Sweep 

Vertical Sensitivity -- 200 mvlcm 
Horizontal Sensitivity -- 20 pseclcm 

Fig. 8 Radar, Receiving, and Parasite Antenna Records Illustrating Complete Cutoff 
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Vertical Sensitivity = 50 mvlcm 
Horizontal Sensitivity [] 100 psec/cm 

S hot K-1415 
O. 25-in. -diam Aluminum Sphere 
Model Velocity = 25, 800 ftlsec 
Range Pressure -- 18. 0 mm Hg 

c. Parasite Antenna Signal 

Fig. 8 Concluded 
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Attenuation 

A tten ua tion 

Timeo 

~ ~ c D - C  i]evei R~resents complete g 
utoff of Tra nsmissio n • 

a. Shot K-1420 
0.125-in.-diam Copper Sphere 
Model Velocity = 25, 200 ft/sec 
Range Pressure = 19.8 mm Hg 

Vertical Sensitivity -- 200 mv/cm 
Horizontal Sensitivity-- 100 IJseclcm 

Vertical Sensitivity - 200 mvlcm 
Horizontal Sensitivity - 100 IJsec/cm 

Vertical Sensitivity = 200 mv/cm 
Horizontal Sensitivity = 100 I~sec/cm 

Vertical Sensitivity = 200 mv/cm 
Horizontal Sensitivity = 100 psec/cm 

b. Shot K-1425 
0. 125-in.-diam Aluminum Sphere 
Model Velocity -- 26, 700 ft/sec 
Range Pressure-- 20ram Hg 

Fig. 9 Receiving and Parasite Antenna Records from 0.125-in.-diam Metal Spheres 
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Shot K-1388 
0.25-in.-diam Aluminum Sphere 
Model Velocity -- 26, 000 ft/sec 
Range Pressure = 9.8 mm Hg 

Fig. 13 Fastax ® Photograph of an Ablating Model 
and Wake 

28 



A EDC-T R-66-182 

Fig. 14 

Range K Shot t372 
ll4-in.-diam Nylon Sphere 
Frame Spacing is 470 
Body Diameters 
V~o = 20, 550 ftlsec 
Po = 50 mm Hg 

Turbulent Far Wake of an Ablating Sphere 
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Delayed Sweep 

Vertical Sensitivity - 200 mv/cm 
Horizontal Sensitivity = 10 psec/cm 

Approximate 
Onset of Turbulence 

Model Leaves Beam 
(Extent of Total Effective 
Beam Width for Clean 
Model) 

Model Enters Beam 

Shot K-1372 
O. 25,in.-diam Nylon Sphere 
Model Velocity = 20, 650 ft/sec 
Range Pressure = .50 mm Hg 

Fig. 16 Transition from Laminar to Turbulent Flow 
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TABLE I 
MATERIAL PROPERTIES 

cD 
03 

D e n s i t y ,  p, 
M a t e r i a l  l b / f t  3 

l h g h  l , ow  

A l u m i n u m *  185 ] 6 0  

B e r y l l i u m  115 - - 

Copper  559 b55 

G l a s s  268 156 

G o l d  1204  - - 

M a g r , e s i u m *  110 105 

P o l y c a r b o n a t e ~  94 75 

S i l v e r  655 - -  

Steel* 501 464 

' ] ' i tanlum 295 276 

T u n g s t e n  1211 - -  

Tungs ten  C a r b i d e  976 - -  

F a n s t e e l  60 1 0 5 0  - -  

* h m l u d e s  A H o y s  

t M e i t u , g  P o i n t  ( C r y s t a l l i n e )  

T h e r m a l  C o n d u c t i v i t y ,  
K - B t u  ]sec/ft2/°K/ft  

H~gh  

0 . 0 6 8  

0.043 

0. l l 3  

0 . 0 0 1  

0 . 0 8 6  

0 . 0 4 0  

0 . 0 0 0 0 5  

I , O W  

0 . 0 2 2 5  

0. 026  

0 . 0 9 6  

0 . 0 0 0 2 5  

0.119 - -  

0.019 0 .004 

0.005 0 .002 

0.046 - -  

0.0125 - -  

0. 012 

O .  0 0 0 0 2 5  

S p e c i f i c  H e a t ,  C ,  
B t u / l b / ° K  

H i g h  I L o w  

0. 415  0. 396  

0.  8 1 0  - -  

0.  180  0. 162 

0.  360  0. 288  

0.  056  - -  

0.  441  - -  

0 . 5 4 0  - -  

0. 101 - -  

0. 252  0.  ] 6 2  

0.  234  0 . 2 ] 6  

0. 061  - -  

0.  090  - -  

0. 086  - -  

pCK, 
H t u 2  / f t 4 - ° K 2 - s e c  

H i g h  L o w  

5 . 2 ]  1 . 6 5  

3. !19 - -  

11. 36 8 . 8 1  

O. 09(; O. 011 

b .  6 0  - -  

1 . 9 4  0. 5 5 6  

0. 003  0. 001  

7 . 8 7  - -  

2 . 4 0  0 . 3 0  

0 . 3 4  0.  12 

3. b6 - -  

1.10 - -  

2 . 0 4  - -  

M e l t i n g  Tem~)erature, 
'I'M, ° K  

H i g h  L o w  

9 3 0  761 

1 5 5 5  - - 

1355  1 3 3 7  

1955  8 5 5  

1 3 3 6  - -  

9 2 3  7 1 7  

558? - -  

1 2 3 5  - -  

1 8 1 3  1 6 4 5  

1945  1 7 7 5  

3 6 9 0  - - 

3 1 4 0  - - 

3300 - - 

I T y p i c a I  s a b o t  m a t e r i a l .  M o r e  d e t a i l e d  i n f o r m a t i o n  i s  g i v e n  i n  " M a t e r i a l s  i n  D e s i g n  E n g i n e e r i n g  - M a t e r i a l s  S e l e c t o r  I s s u e .  " 
R e i n h o l d  P u b l i s h i n g  C o r p o r a t i o n ,  O c t o b e r  1 9 6 4 .  
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Shot 
No. 

Ve loc i ty* ,  
~Isec 

Hange 
Pressuret, 
_m.mIlg_ 

TABLE II 

STUDY OF SPHERE WAKES - 35-KMC OBLIQUE RADAR 

(January 1965 to 1 9 6 6  - Range K) 

Model 
Model  D i a m e t e r ,  y**.  Rada r  Re t u rn  

Material in. in. Model Wake Tr0nsmission Remarks 

m 

f~ 
:4 
;u 
& 
| 

1067 

1068 

1069 

1071 

1076 

1077 

1078 

1079 

1080 

1081 

1082 

1083 

1084 

1088 

1087 

1088 

1090 

1091 

19,190 

19. 350 

20.540 

19.300 

19,400 

19,200 

19.500 

19,300 

18,750 

18,400 

18,070 

12,500 

12,200 

12,500 

12,550 

12,700 

12,280 

12,200 

34. 7 

34.9  

34.2  

34.9  

34.7 

34.7 

34.9  

35.4 

34.9  

34.6 

35.0  

300.0 

300.0 

300.0 

300.0 

299.0 

300.0 

299.0 

Aluminum 0. 437 -0.  486 Yes  No Not r e c o r d e d  

S tee l  

-0.824 

-0. 627 

-0. 383 

0.06 

-0.  062 

-0. 12 

-0. 15 

-0. 507 

-0.  556 

-0.  049 

- 0 . 4 6  

-0.  614 

- 0 . 3 4  

- 0 . 6 9  

-0 .61  

- 0 . 2 9  

- 0 . 2 9  

No 

No 

Yes 

No 

Yes 

No 

No 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

No 

Spurious signals began- 5 ft 
behind model 

Spurious signals began -5 ft 
behind model 

Spurious signals began ~8 ft 
behind model 

Wake return began immediately 
behind model and lasted 15 psec 

No wake return 

Wake return began immediately 
behind model and lasted 130 psec 

No wake return 

No wake return 

Wake return bcgaa hnmediately 
behind model and lasted 20 psec 

No wake return 

No wake return 

Large model return 



TABLE II (Continued) 

c.n 

Range 
Shot Veloe~y  ~. Pressure ,  
No. f t / s e e  m m H g  

1243 10,000 25.0 

1244 10,200 25.0  

1248 9 ,900 3.1 

1252 10,580 150.0 

1270 10,570 100.0 

1272 10,620 100.0 

1273 10,750 100.0 

1274 10,520 100.0 

1309 17,320 200.0 

1310 18,900 200.0 

1312 17,200 200.0 

1313 17,220 200.0 

1316 17,700 A 200.0 

1318 11,400 25.0  

1319 12,170 25 .0  

1322 17,000 734.0 

1324 18,030 400.0  

1344 9 ,000 9.9 

1346 10,200 10(610) ~ 

M a t e r i a l  

A lu mi n u m 

A l u m i n u m  

Alu mi n u m 

w / c  

A l u m i n u m  

S tee l  

w / c  

Stee l  

w / c  

Steel 

A l u m i n u m  

A l u m i n u m  

W/C 

w / c  

A l u m i n u m  

Nylon 

Model  
D i a m e t e r ,  

in. 

0 .75 

0 .75 

0. 125 

0. 125 

0. 437 

0 .437 

0.437 

0.437 

0. 125 

0. 125 

0. 125 

0. 125 

0. 125 

0. 437 

0 .437 

0. 125 

0. 125 

0. 437 

0. 375 

in. 

0 .60  

- 0 . 2 5  

- 0 . 8 3  

- 1 . 2 3  

0 .45 

0 .39  

0.31 

- 1 . 1 4  

- 1 . 0 9  

0 .9  

-1 .06 

-1 .15 

No data  

- 1 . 1 3  

- 0 . 6 4  

No da ta  

1.07 

- 0 . 3 2  

- 0 . 2 5  

R a d a r  R e t u r n  
Model  Wake 

Yes No 

No 

No 

No 

No 

No 

No 

No 

Yes  

N o  

Yes  

N o  

Yes  

N o  

No 

Yes  

N o  

No 

Yes  

T r ans  m i s  s ion  

Not r e c o r d e d  

At t enua t ion  
by m o d e l  

At t enua t ion  

R e m a r k s  

L a r g e  m o d e l  r e t u r n  

L a r g e  r e t u r n  f r o m  m o d e l  and 
wake l a s t i n g  - 100 , s e c  

No wake r e t u r n  

L a r g e  r e t u r n  f r o m  m o d e l  and 
wake 

No wake r e t u r n  

L a r g e  r e t u r n  f r o m  m o d e l  and 
wake 

L a r g e  m o d e l  r e t u r n  

L a r g e  mode l  r e t u r n  

L a r g e  r e t u r n  f r o m  m o d e l  and 
wake 

No wake r e t u r n  

No wake r e t u r n  

S m a l l  m o d e l  and wake r e t u r n ;  
a t t enua t ion  by m o d e l  and wake 
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Shot 
No, 

1347 

1351 

1352 

1354 

1360 

1363 

1372 

1373 

1374 

1375 

1376 

1378 

1392 

Veloc i ty* ,  
R / s e c  

10,500 

20,230 

18.300 

1 9 , 0 0 0  

2 0 , 2 0 0  

1 9 , 1 0 0  

20,650 

19,000 

17, 670 

19, 730 

19, 650 

18, 800 

25, 500 

Range 
P r e s s u r e ,  

m m  Hg 

99(600) ~: 

9 .9  

100.0 

10.2 

50 .0  

50 .0  

50 .0  

lO.O 

10.0 

10.0 

10.0 

50 .0  

8 . 8  

Material 

Nylon 

Aluminum 

A l ~ n i n u m  

Model 
D i a m e t e r .  

In. 

0. 375 

0. 437 

0. 437 

TABLE II (Continued) 

y*#, R a d a r  R e t u r n  
in. Model  Wake 

- 0 . 3 5  Yes  Yes  

- 0 . 6 2  No 

No data Yea 

A l u m i n u m  0. 437 - 0 . 8 9  No 

Nylon 0 .25  0 .17  No No 

0 . 2 5  - 0 . 2 7  No No 

0 .25  

0 .437 

Nyl on 

Nylon 

A l u m i n u m  -0.35 

Yes  

Yes  

T r a n s m i s s i o n  

At t enua t ion  

At t enua t ion  by 
m o d e l  

At tenua t ion  

A ttenuation 

A mplification 

A m p l i f i c a t i o n  

Yes  At tenua t ion  

No At t enua t ion  by 
m o d e l  

Aluminum 0. 437 - 0 . 6 7  Yes  No 

Aluminum 0. 437 - 0 . 3 8  Yes  No 

A lu mi n u m 0. 437 - 0 . 1 2  Yes  No 

Nylon 0 .25  - 0 . 1 3  Yes Yes  

No data No da ta  0 .25  Aluminum 

A mp l i f i c a t i on  
by wake 

Attenuation by 
model and wake 

R e m a r k s  

Small model and wake return, 
attenuation by model and wake 

Small low frequcncy wake signal 

I,arge return from model and 
wake; corresponding attenuation 
by m o d e l  and wake 

Smal l  low f r e q u e n c y  wake s igna l ;  
a l ight  a t t enua t ion  by wake 

No r a d a r  r e t u r n ,  only low 
f r e q u e n c y  sh i f t ;  r e c e i v e r  h o r n  
showed apparent gain fo r  ~ 1 msec 

No radar return, only low 
frequency shift; receiver horn 
showed apparent gain for =I msec 

Model and wake return 

Small low frequency wake signal 

I , a rge  re tur 'n  f r o m  m o d e l  and 
wake,  a t t enua t ion  by m o d e l  and 
gain  f r o m  wake 

No r a d a r  data  r e c o r d e d ;  a t t e n u a -  
t ion by mode l  and wake 
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TABLE II (Continued) 

Oo 

Range 
Shot Velocity*, Pressure, 
No. ft/sec mm Hg 

1399 25. 800 9 .2  

1402 25,320 9 .4  

1404 25, 500 10.2 

1406 26,420 19.9 

1407 25,610 

1408 26, 200 

1409 25,800 

1414 24,530 

1415 2 5 , 8 0 0  

19.8  

1 9 . 8  

19.9 

1 9 . 5  

18.9  

Materiai 

Alumi n u m 

Model 
Diameter, 

in. 

O. 25 

O. 25 

O. 25 

O. 25 

y#*, R a d a r  Re t u rn  
in. Model  Wake 

0 .58  Yes No 

0.46 No da ta  

0 .28  Yes  No 

0.26 Yes  Yes  

0.25 -0.37 Yes Yes 

0.25 - 0 . 3 7  Yes Yus 

O. 25 

O. 25 

O. 25 

No data  No No 

0 .27  Yes Yes  

0. 15 Yes  Yes  

Transmisslon 

Attenuation by 
model and wake 

Cutoff  
a t t enua t ion  

Cutoff  
a t t enua t ion  

Cutoff  
a t t enua t ion  

Smal l  gain  
f r o m  wake 

SmaU 
a t t enua t ion  by 
wake 

Cutoff  
a t t enua t ion  

Remarks 

No wake r e t u r n ;  only s h g h t  sh i f t .  
a t t enua t ton  by mode l  and wake 

No radar data recorded; 
attenuation by model and wake 

No wake r e t u r n ,  only  s l igh t  sh iR ,  
a t t enua t ion  by m o d e l  and wake 

A low f r e q u e n c y  wake s igna l ;  
complete cutoff of transmlssion 
for =400~sec 

A low frequency wake signal, 
complete cutoff of transnllssion 
for  ~200 ~sec 

A low f r e q u e n c y  wake signaL, 
c o m p l e t e  cu tof f  of t r a n s m i s s i o n  
for  -400  ¢ s e c  

SmaLl s i gna l  r e c e i v e d  by p a r a s i t e  
horn ;  m o d e l  p a s s e d  th rough  edge  
of b e a m  

Smal l  s igna l  f r o m  p a r a s l t c  ho rn  
and s m a l l  a t t enua t ion  by wake 

Low f r e q u e n c y  wake s igna l ;  
c o m p l e t e  cu tof f  of t r a n s m i s s i o n  
for  4400 ~ s e e ;  l a r g e  s igna l  f r o m  
p a r a s i t e  h o r n  
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Co 

Range  Model  
Shot  Ve loc i ty* ,  P r e s s u r e ,  D i a m e t e r ,  
No. f t / s e c  m m  Hg M a t e r i a l  in.  

1420 25,200 19.8 Copper 0. 125 

1423 24, 600 20.0 Copper 0. 125 

1424 2 6 , 6 0 0  20 .0  A l u m i n u m  0. 125 

TABLE II (Concluded) 

y**, Radar Return 
in. Model Wake 

0.68 Yes No 

0. 18 Yes No 

No data Yes Yes 

Trans mission 

A t t c n u a t i o n  
by model 

Attenuation 
by model 

Attenuation 
by wake 

1425 26, 700 2 0 . 0  A l u m i n u m  0. 125 0 .71  Yes Yes  A t t enua t i on  
by wake 

Remarks 

No wake return; no signal from 
parasite born 

No wake return, no signal from 
parasite horn 

Low f,'equoney wake signal, 
~50-percent cutoff of transmis- 
sion, small signal f r o m  parasite 
horn 

Low f,'equcncy wake signal; 
~50-percent cutoff of transmis- 
sion; s m a l l  s i g n a l  f r o m  p a r a s i t e  
h o r n  

m 

f~ 

& 
| 

CO 

Note: Horizontal position of model was well within the depth of focus of the microwave antenna in all shots. 

*Model velocity measured between shadowgraph stations 2 and 3 

tBlast tank pressure and range pressure equal except where noted 

**Vertical distance from center of model to microwave beam axis (location of model was determined from shadowgraph station No. 2) 

AVelocity measured between s.g. stations 2-6 

~Figure in parenthesis is the blast tank pressure. 
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